Introduction
Nail-patella syndrome (also called hereditary onychoosteodysplasia) is a relatively rare hereditary disease that is primarily characterized by dysplastic nails and missing or hypoplastic patellae. One-third to one-half of the patients, however, also suffer from hematuria and proteinuria and may ultimately even develop chronic renal failure (1) . In some affected kidneys, focal glomerulosclerosis, a thickened glomerular basement membrane (GBM), and protein casts can already be seen by light microscopy. Electron microscopic investigations almost invariably have revealed a GBM, which contains both fibrillar inclusions and electron-lucent areas and thus presents with a moth-eaten appearance (e.g., refs. 2, 3). Although one publication reports the increased deposition of fibrinogen (4) and another finds evidence for the decreased cross-linking of collagen IV (5), the pathogenesis of the glomerular phenotype remains unclear.
In 1998 the first mutations that lead to the development of nail-patella syndrome were reported in the LMX1B gene (6) (7) (8) . The findings in patients are corroborated by the fact that the inactivation of Lmx1b in mice also leads to a phenotype strongly resembling nail-patella syndrome (9) . The LMX1B protein contains two zincbinding LIM domains at the NH 2 -terminus and a homeodomain in the middle; while the Lin-11, Is1-1, Mec-3 (LIM) domains are felt to represent the interface for the interaction with other proteins, the homeodomain is responsible for the binding to DNA. The mutations described so far lead to the absence or the inactivation of the homeodomain, so that the mutated protein will no longer be able to recognize its target genes. Since a mutant LMX1B gene has been described that contains a stop codon in the region coding for the first LIM domain and therefore should result in the synthesis of only a very short peptide (8) , a dominant negative mechanism for the development of the syndrome is unlikely. One rather has to assume haploinsufficiency, which, however, contrasts with the finding that in the mouse both alleles of the Lmx1b gene have to be inactivated to generate a phenotype (9) . We have made use of these Lmx1b knockout mice in order to better understand the glomerular phenotype, and we demonstrate a link between nail-patella syndrome, Alport syndrome, and steroid-resistant nephrotic syndrome.
Patients with nail-patella syndrome often suffer from a nephropathy, which ultimately results in chronic renal failure. The finding that this disease is caused by mutations in the transcription factor LMX1B, which in the kidney is expressed exclusively in podocytes, offers the opportunity for a better understanding of the renal pathogenesis. In our analysis of the nephropathy in nail-patella syndrome, we have made use of the Lmx1b knockout mouse. Transmission electron micrographs showed that glomerular development in general and the differentiation of podocytes in particular were severely impaired. The glomerular capillary network was poorly elaborated, fenestrae in the endothelial cells were largely missing, and the glomerular basement membrane was split. In addition podocytes retained a cuboidal shape and did not form foot processes and slit diaphragms. Expression of the α4 chain of collagen IV and of podocin was also severely reduced. Using gel shift assays, we demonstrated that LMX1B bound to two AT-rich sequences in the promoter region of NPHS2, the gene encoding podocin. Our results demonstrate that Lmx1b regulates important steps in glomerular development and establish a link between three hereditary kidney diseases: nail-patella syndrome (Lmx1b), steroid-resistant nephrotic syndrome (podocin), and Alport syndrome (collagen IV α4).
COOH-terminal trans-activation domain (9) . Heterozygous mice were maintained on a C57BL/6 background. Homozygous mice are born at the expected Mendelian ratio but do not survive beyond postnatal day 1; therefore, on the day of birth offspring were killed by decapitation, and the kidneys were removed and processed as described below.
Electron microscopy. For transmission electron microscopy, kidneys were immersion-fixed overnight in 1× PBS/2% glutaraldehyde and then embedded in Epon. Ninety-nanometer-thick sections were used for transmission electron microscopy. Counterstaining was done with osmium and uranyl acetate.
Morphometry. To determine the glomerular tuft area, kidneys were fixed 4 hours at room temperature in 1× PBS/4% paraformaldehyde and then paraffin-embedded. Four-micrometer-thick sections were prepared and stained with hematoxylin and eosin. Approximately ten glomerular tufts (defined as those profiles that had progressed beyond the S-shaped body stage) were counted randomly on every 24th kidney section, thus keeping the same glomerular from being counted twice. For every kidney, 100 glomerular tufts were analyzed and the mean tuft area calculated.
Immunohistochemistry. For cryosections, kidneys were fixed overnight in 1× PBS/4% paraformaldehyde except when anti-collagen IV antibodies were used (see below). After equilibration in 1× PBS/18% sucrose, the kidneys were frozen in liquid nitrogen and stored at -80°C until further use. Seven-to 10-µm-thick cryosections were blocked in 1× PBS/2% BSA before being stained with a primary antibody for 1 hour at room temperature and then overnight at 4°C. The next morning, sections were washed with PBS and stained for 1 hour with the appropriate secondary antibody. For staining with anti-collagen IV antibodies, the kidneys were immediately frozen in liquid nitrogen and stored at -80°C until further use. Seven-to 10-µm-thick cryosections were fixed with acetone for 10 minutes at -20°C and then air-dried. After denaturing the tissue for 60 minutes with 6 M urea/0.1 M glycine, pH 3.5, the sections were washed three times with 1× PBS and then blocked as described above (10) .
For paraffin sections, kidneys were fixed 4 hours at room temperature in 1× PBS/4% paraformaldehyde and then paraffin-embedded. Four-micrometer-thick paraffin sections were deparaffinized and rehydrated before being microwaved five times, for 5 minutes each time, in 10 mM sodium citrate. After the microwave treatment, free aldehyde groups were blocked for 15 minutes with 0.1 M NH 4 Cl, endogenous biotin was blocked with an Avidin/biotin blocking kit according to the manufacturer's instructions (Vector Laboratories Inc., Burlingame, California, USA), and endogenous peroxidase was inactivated by incubating for 5 minutes with 3% H 2 O 2 . Immunohistochemical detection was achieved with the R.T.U. VECTASTAIN Universal Elite ABC Kit (Vector Laboratories Inc.) when employing a nonmurine primary antibody, and with the VECTOR M.O.M. Immunodetection Kit (Vector Laboratories Inc.) when employing a murine primary antibody; in both cases diaminobenzidine (DAB) was used as the substrate.
The following primary antibodies were used: a polyclonal rabbit anti-α3 integrin antibody (diluted 1:3,000; Chemicon International Inc., Hofheim, Germany), a polyclonal rabbit anti-nephrin antibody (diluted 1:1,500) (11), a polyclonal chicken antipodocalyxin antibody (diluted 1:1,500), the polyclonal rabbit anti-podocin antibody P35 (diluted 1:3,000) (12), a polyclonal rabbit anti-synaptopodin antibody (diluted 1:650) (13), a polyclonal rabbit anti-CD2AP antibody (diluted 1:4,000) (14) , a polyclonal rabbit anti-entactin antibody (diluted 1:2,000), a polyclonal rabbit anti-fibronectin antibody (diluted 1:600; SigmaAldrich Chemie GmbH, Deisenhofen, Germany), a monoclonal mouse anti-dystroglycan antibody (diluted 1:80; Novocastra Laboratories Ltd., Dossenheim, Germany), a polyclonal rabbit anti-collagen IV α4 antibody (diluted 1:800) (15) , and a polyclonal rabbit anti-WT1 antibody (diluted 1:500; Santa Cruz Biotechnology Inc., Heidelberg, Germany). Secondary antibodies were Cy3-conjugated goat anti-rabbit IgG (diluted 1:500; Dianova, Hamburg, Germany), Cy3-conjugated donkey anti-chicken IgY (diluted 1:500; Dianova), and biotinylated goat anti-rabbit IgG (diluted 1:250; Vector Laboratories Inc.).
Nonradioactive in situ hybridization. Fixation and sectioning of the kidneys were carried out as outlined above for cryosections. In situ hybridization was performed essentially as described before (16) . The following cDNAs were used: a murine 0.45-kbp VEGF 120 cDNA, a murine Foxc2 cDNA of about 2 kbp, and a murine 3.2-kbp podocin cDNA.
RNase protection assay. Total RNA from newborn mouse kidneys was isolated using the acid-guanidinium-phenol-chloroform technique, and RNase protection assays were carried out according to standard protocols (17) . Antisense RNA was prepared by in vitro transcription from the following fragments: a murine CD2AP fragment (IMAGp998N2210255Q2), a human and a murine podocin fragment, a murine synaptopodin fragment (IMAGp998B059189Q2), a murine VEGF fragment, and an 18S cDNA fragment (Ambion Inc., Austin, Texas, USA). In the case of the 18S cDNA, 50 ng of total RNA from newborn mouse kidneys was used; in all other cases, 20 µg of total RNA was analyzed, and corresponding amounts of tRNA from Escherichia coli served as negative control.
Transient and stable transfections. COS-7 cells were transiently transfected according to standard protocols with DEAE-dextran and chloroquine (17) . A conditionally immortalized murine podocyte cell line (18) was transiently transfected with Lipofectamine 2000 according to the manufacturer's instructions (Life Technologies GmbH, Karlsruhe, Germany). Three days after the transfection, cell lysates were prepared and assayed for luciferase activity. Stably transfected HtTA-1 cells (HeLa cells expressing the tetracycline transactivator) (19) were established with a poly-L-ornithine-based protocol (20) .
Gel shift assays. Gel shift assays and the preparation of nuclear extracts were performed essentially according to standard protocols (17) . The full-length human LMX1B cDNA was subcloned into the bacterial expression vector pET21b (Novagen, Madison, Wisconsin, USA), and the recombinant protein was purified according to the manufacturer's instructions. Coupled in vitro transcription and translation was carried out with the TNT T7 Coupled Reticulocyte Lysate System from Promega GmbH, Mannheim, Germany. The following double-stranded oligonucleotides were used for gel shift assays: one from the first intron of the human COL4A4 gene ("COL4A4": 5′-GAT CCA TGA AAG TAA TTA TTT TCA-3′ and 5′-GAT CTG AAA ATA ATT ACT TTC ATG-3′), and three from the putative promoter region of the human NPHS2 gene ("-1087," starting at position 1087 upstream from the start codon: 5′-AGA AAC AAA TTA TTA ACA GAA AGT-3′ and 5′-ACT TTC TGT TAA TAA TTT GTT TCT-3′; "-837," starting at position -837: 5′-TAA GCA TTA ATA AAG ACC CTA AAT AAT AAC AGA G-3′ and 5′-CTC TGT TAT TAT TTA GGG TCT TTA TTA ATG CTT A-3′; and "-287," starting at position -287: 5′-CCT GCC CGG GGC CGG CTC TCC CAC-3′ and 5′-GTG GGA GAG CCG GCC CCG GGC AGG-3′). Radioactively labeled oligonucleotides corresponding to 50,000 cpm were incubated for 30 minutes with the indicated source of LMX1B protein and then run on a 5% polyacrylamide gel at 150 V under constant cooling. When supershifts were performed with nuclear extracts, the anti-myc epitope antibody 9E10 was added at the same time as the nuclear extract, and the mixture was also incubated for 30 minutes.
Results

Morphological characterization of the glomerular phenotype.
It could already be noticed by gross inspection that the kidneys from Lmx1b -/-mice were smaller than those from Lmx1b +/+ animals, suggesting that renal development in the homozygous knockout animals was lagging behind. An overview of respective kidney sections pointed in the same direction, since there appeared to be less mature glomeruli on kidneys from Lmx1b -/-mice. When the mean glomerular tuft area was determined, it was significantly smaller in Lmx1b -/-mice (1,426 µm 2 ) than in Lmx1b +/+ mice (1756 µm 2 ) and Lmx1b +/-mice (1782 µm 2 ) (P < 0.05, ANOVA).
Transmission electron microscopy of glomeruli from Lmx1b -/-mice clearly showed that the glomeruli were not fully differentiated. In contrast to wild-type kidneys, in which a branched capillary network had developed in the juxtamedullary glomeruli (Figure 1a) , the capillaries in the glomeruli from homozygous knockout mice had not branched (Figure 1b) . Furthermore, we noticed that the glomerular endothelial cells of the knockout mice were less fenestrated ( Figure 1, c and d) . In order to gather preliminary evidence for why no branching had taken place ) . At a higher magnification, the reduction and sometimes even complete lack of fenestrae in the endothelium can be seen in the knockout mice (d) (arrows in c point to fenestrae in the glomerular endothelium of wild-type mice). Although by in situ hybridization VEGF mRNA can be detected in the podocytes of both wild-type (e) and Lmx1b -/-(f) mice, an RNase protection assay with 20 µg of total kidney RNA (prepared from five Lmx1b +/+ and four Lmx1b -/-mice) demonstrates reduced levels of VEGF mRNA in kidneys from the knockout mice (tRNA served as a negative control). A protection assay with a probe directed against 18S rRNA shows that the RNA concentration was determined correctly (g). Bar: 20 µm (a, b, e, and f), 0.5 µm (c), 4 µm (d).
and why the endothelium contained less fenestrae, we conducted an in situ hybridization and RNase protection assay for VEGF. Although VEGF mRNA was detected in podocytes from both Lmx1b +/+ and Lmx1b -/-mice by in situ hybridization (Figure 1 , e and f), in many (but not all) cases there was less VEGF mRNA in kidneys from the knockout mice by RNase protection assay (Figure 1g ).
The podocytes of homozygous knockout mice were still cuboidal and had not flattened out over the GBM (Figure 2a) . No foot processes and no slit diaphragms were noticed even in the most advanced glomeruli; neighboring podocytes were rather connected by structures resembling adherens junctions (Figure 2c ). In addition, the GBM was split (Figure 2b) , and a fibrillar material and even erythrocytes were found in Bowman's space and the lumen of adjoining portions of proximal tubules (Figures 1b and 2d) . The fibrillar material was striated with a periodicity of about 17 nm (Figure 2e ), indicating that it represents fibrin (21) .
In humans, nail-patella syndrome is inherited in an autosomal-dominant fashion, but even after 1 year no morphological abnormalities were found in the glomeruli of heterozygous Lmx1b knockout mice (data not shown). Additional experiments will have to be performed to determine whether breeding the mutation onto a different background will yield a phenotype in heterozygous mice.
α3 Integrin, podocalyxin, and nephrin, but not podocin, are expressed by podocytes of Lmx1b -/-mice. The lack of foot processes and slit diaphragms prompted us to investigate the expression pattern of podocyte surface proteins, which have been shown to contribute to the establishment of the glomerular filtration barrier. Both the lack of the α3 integrin subunit (22) and the lack of the highly charged protein podocalyxin (23) in mice lead to the absence of foot processes. By immunohistochemistry, however, α3 integrin and podocalyxin could still be easily detected in the podocytes of homozygous knockout mice (Figure 3, a-d) . Mutations in NPHS1, the gene coding for nephrin, are responsible for congenital nephrotic syndrome of the Finnish type (24) . Nephrin has been localized to the slit diaphragm (11, 25, 26) , and patients with this disease typically lack a slit diaphragm (27) . It was therefore somewhat surprising to find out that nephrin also was still present in the glomeruli of Lmx1b -/-mice ( Figure 3, e and f) .
The result was very different when the expression pattern of podocin, which is mutated in patients with steroid-resistant nephrotic syndrome (28-31), was examined. While podocin protein could be easily detected by immunohistochemistry in the glomeruli of wild-type mice (Figure 4a) , it was absent in the glomeruli of Lmx1b -/-mice (Figure 4b) . This difference could have been caused by an increased instability of the protein due to the absence of foot processes. Therefore we carried out an in situ hybridization with podocin antisense RNA to determine whether podocin mRNA was present in podocytes, but we were unable to find any (Figure 4, c and d) . In order to confirm those histochemical findings, an RNase protection assay was
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Figure 2
Podocyte differentiation in Lmx1b -/-mice. Podocytes in newborn homozygous knockout animals do not spread out over the GBM (arrows) but retain a cuboidal shape (a). In many areas the GBM was split (b shows a transition between a one-layered GBM marked by arrows and a split GBM marked by arrowheads). In no glomerulus did we notice foot processes and slit diaphragms, but adjacent podocytes were connected by structures resembling adherens junctions (c; note the cytoplasmic plaques outlined by arrows on either side of the junction). In some glomeruli we also observed erythrocytes (E) and fibrillar material (arrows) in Bowman's space (d), which upon higher magnification showed a striated pattern reminiscent of fibrin (e). Bar: 2 µm (a), 1 µm (b and d), 100 nm (c and e).
performed with RNA isolated from newborn mouse kidneys. Again, no podocin mRNA was detected in kidneys of Lmx1b -/-mice (Figure 4e ). Since the absence of podocin mRNA pointed to a transcriptional defect, the putative promoter region of human NPHS2, the gene encoding podocin, was screened for possible LMX1B binding sites. The hamster Lmx1a protein, whose homeodomain is identical to that of human LMX1B (32), recognizes two related ATrich motifs called the FLAT-E (5′-TAATTA-3′) and FLAT-F (5′-TTAATAAT-3′) elements (33) , and it was therefore reasonable to assume that LMX1B binds to similar motifs. We found one perfect FLAT-F element extending from nucleotides 1079 to 1072 and two closely spaced imperfect FLAT-E elements extending from nucleotides 832 to 809 upstream of the start codon in the NPHS2 promoter. Oligonucleotides containing these elements, but not a GC-rich oligonucleotide closer to the start codon, were recognized from bacterially expressed full-length LMX1B protein in a gel shift assay (Figure 5a ). The binding was specific, since the shifts disappeared by competing with an excess of the same unlabeled oligonucleotide but not with an excess of the unlabeled nonspecific oligonucleotide (Figure 5b) . Furthermore, the "COL4A4," "-1087," and "-837" oligonucleotides were able to compete with one another (data not shown). To rule out the possibility that the bacterially expressed protein was not folded correctly, we also employed the in vitro-translated homeodomain of LMX1B and nuclear extracts from stably transfected HeLa cells in gel shift assays. (We used the homeodomain because a nonspecific shift tended to mask the shift obtained with the in vitro-translated full-length LMX1B protein.) Again we demonstrated binding (Figure 5, c and d) . To determine whether the recognition of these binding sites by LMX1B in the putative NPHS2 promoter is sufficient to lead to its activation, we transiently transfected COS-7 cells and a conditionally immortalized murine podocyte cell line (18) with an LMX1B expression plasmid and a luciferase reporter plasmid containing about 4.4 kbp of the putative NPHS2 promoter region (extending from 4,303 bp 
Figure 4
Expression of podocin in newborn Lmx1b -/-mice. Podocin protein (a) and mRNA (c) were present only in podocytes of wild-type mice, not in those of homozygous knockout mice (b and d). The specificity of these results was corroborated by an RNase protection assay with podocin antisense RNA, where protected bands were observed only with RNA isolated from kidneys of wild-type mice (tRNA served as a negative control). A protection assay with a probe directed against 18S rRNA shows that the RNA concentration was determined correctly (e). Immunohistochemical detection of the proteins was done with DAB, and mRNA was detected by nonradioactive in situ hybridization (in order to demonstrate the negative glomerulus, the picture shown in d was taken using Nomarski optics). Bar: 20 µm (a and b), 40 µm (c and d) .
upstream to 129 bp downstream of the start codon). Even after repeated attempts, however, we could not see a regulatory effect of LMX1B on the reporter plasmid. In addition, we used the stably transfected HeLa cells, which upon the removal of doxycycline inducibly express LMX1B, to determine whether the endogenous podocin gene responded to the induction of LMX1B, but once again no effect was noticed (data not shown).
Expression pattern of actin cytoskeleton-associated and basement membrane proteins in the glomeruli of Lmx1b -/-knockout mice. The absence of podocyte foot processes in the homozygous Lmx1b knockout mice could have also been due to a defect in the cytoskeletal apparatus of the podocytes, and we therefore investigated the expression pattern of proteins associated with the actin cytoskeleton, i.e., synaptopodin and CD2AP. Synaptopodin is a proline-rich protein that has been localized to podocyte foot processes and to actin stress fibers (13) . The inactivation of the gene encoding CD2AP leads to foot process effacement, and CD2AP also has been shown to interact with nephrin (34, 35) . Both proteins, however, were present in the glomeruli of homozygous knockout mice ( Figure 6, a-d) , although it appeared as if the signal was weaker on those kidney sections. An RNase protection assay demonstrated that roughly equal amounts of CD2AP (Figure 6e ), but decreased levels of synaptopodin (Figure 6f) , were present in the kidneys of Lmx1b -/-mice.
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Figure 5
Gel shift assays to demonstrate binding of LMX1B to FLAT-E and FLAT-F elements in the NPHS2 promoter region. The gel shift assays were carried out with an oligonucleotide from the first intron of the human COL4A4 gene COL4A4, whose recognition by LMX1B had been demonstrated before (38) and that therefore served as a positive control; an oligonucleotide containing a perfect FLAT-F element (-1087); an oligonucleotide containing two imperfect FLAT-E elements (-837); and a GC-rich oligonucleotide containing neither a FLAT-E nor a FLAT-F element (-287). (a) Two hundred fifty and 500 ng of bacterially expressed full-length LMX1B protein recognize not only the binding site in the COL4A4 intron, but also the perfect FLAT-F and imperfect FLAT-E elements, while the GC-rich oligonucleotide is not bound. np, oligonucleotide with no protein added. (b) Competition assays using 500 ng of bacterially expressed full-length LMX1B protein and a 25-fold, 100-fold, and 400-fold molar excess of the indicated unlabeled oligonucleotides demonstrate the specificity of the gel shift. Labeled oligonucleotides are indicated on the top, unlabeled oligonucleotides below. nc, no competing unlabeled oligonucleotide added. (c) Four microliters of the in vitro-translated LMX1B homeodomain were incubated with the oligonucleotides described above. It can be easily seen that the homeodomain (HD) recognizes the binding site in the COL4A4 intron, the perfect FLAT-F element, and the imperfect FLAT-E elements, but not the GC-rich oligonucleotide. Specific bands are indicated by arrows; the other bands can also be seen where no DNA was added to the in vitro transcription/translation reaction (H 2 O). (d) Nuclear extracts were prepared from stably transfected HeLa cells inducibly expressing a myc epitope-tagged full-length LMX1B protein, and 6 µg of nuclear proteins from noninduced ("off ") and induced ("on") cells were used for a gel shift assay. Upon the induction of LMX1B, a clear shift can be recognized with the binding site in the COL4A4 intron and the perfect FLAT-F and imperfect FLAT-E elements (arrows). The specificity of the shift can be appreciated from the supershifted band appearing upon the addition of the anti-myc epitope antibody 9E10 (arrowhead in "on + Ab" lane).
The morphological alterations in the GBM observed in patients with nail-patella syndrome and in the Lmx1b -/-mice suggested that important ECM components were lacking. Both nidogen/entactin ( Figure 6 , g and h) and fibronectin ( Figure 6, i and j) , however, were present in the GBMs of homozygous knockout mice. We next examined dystroglycan, which has been speculated to be important for the proper arrangement of basement membrane components (36) , and again we found no difference between wild-type and homozygous knockout mice ( Figure 6, k and l) . Another important component of the GBM is represented by collagen IV. While the prospective GBM contains the α1 and α2 chains of collagen IV, an additional network consisting of the α3, α4, and α5 chains is added by the podocyte subsequently (15) . Mutations in the latter collagen chains are responsible for Alport syndrome, a hereditary kidney disease eventually leading to chronic renal failure (for review see ref. 37) . When the expression of the collagen IV α4 chain was examined in the kidneys of the Lmx1b -/-mice, a pronounced downregulation of this subunit was observed (data not shown), as is described in a publication that appeared while this manuscript was in preparation (38) .
Expression pattern of podocyte-specific transcription factors. Since it was obvious from the morphological characterization and the lack of podocin and the collagen IV α4 chain that the developmental defect in Lmx1b -/-mice affected the podocyte lineage, we tried to determine whether these defects were only due to the lack of Lmx1b, or whether other transcription factors also played a role. The C 2 H 2 zinc finger protein WT1 can already be detected in the condensing metanephrogenic mesenchyme, but later the expression of WT1 is restricted to podocytes (39) . No difference, however, was observed between the kidneys of wild-type and homozygous knockout mice (Figure 7, a and b) .
The inactivation of the Lmx1b gene also leads to defects in eye development. In the presence of Lmx1b, two transcription factors of the winged helix family, Foxc1 (also called Mf1, FREAC3, and FKHL7) and Foxc2 (also called Mfh1), are not found in the differentiating corneal stroma, while in the absence of Lmx1b both proteins can be detected in this structure (40) . The Foxc2 mRNA had been localized to podocytes before (41) , and so we determined its expression pattern in the Lmx1b knockout mice. In contrast to the situation in the eye, no obvious differences for Foxc2 were observed in the kidneys of Lmx1b -/-and wild-type mice ( Figure 7 , c and d).
Discussion
The combination of the ultrastructural with the histochemical characterization of the glomeruli from Lmx1b -/-mice provides valuable information on the consequences of the inactivation of Lmx1b in the kidney. It is obvious that the formation of a fully branched glomerular capillary network depends on intact podocytes. Without fully differentiated podocytes, capillaries will invade the glomerulus, but
Figure 6
Expression of actin cytoskeleton-associated proteins and GBM components in newborn Lmx1b -/-mice. The actin cytoskeleton-associated proteins synaptopodin (a and b) and CD2AP (c and d) are both expressed in kidneys of wild-type and homozygous knockout mice. An RNase protection assay with 20 µg of total kidney RNA demonstrates approximately equal levels of CD2AP mRNA (e) but reduced amounts of synaptopodin (Synpo) mRNA (f) in the knockout mice (tRNA served as a negative control). The protection assay with a probe directed against 18S rRNA is shown in Figure 1 . The GBM components nidogen/entactin (g and h), fibronectin (i and j), and dystroglycan (k and l) can all be detected in kidneys of wild-type and homozygous knockout mice. Immunohistochemical detection of the proteins was done with DAB (a-d, k and l) and by fluorescence (g-j). Bars: 20 µm.
they will not branch. It is not completely understood which signals regulate the formation of the glomerular tuft, but previous results from animal studies (42) (43) (44) and organ culture experiments (45) argue that VEGF plays an important role in this process. Furthermore, VEGF also seems to regulate the fenestration of endothelial cells (46, 47) . Both the retarded branching of the glomerular capillaries and the decreased number of fenestrae in the glomerular endothelium suggest that Lmx1b-deficient podocytes produce less VEGF, and indeed the quantitation of VEGF mRNA by RNase protection assay indicates that podocytes in Lmx1b -/-mice secrete less VEGF than do their wild-type counterparts. In this context we wish to point out that the inactivation of a single VEGF allele already leads to embryonic lethality (48, 49) , which demonstrates the critical dosage effect of VEGF, so that even a subtle decrease in VEGF levels may result in a developmental defect of the glomerular tuft. Alternatively, other pathways like the one based on the interaction between Notch2 and Jag1 (50) may be affected by the absence of Lmx1b.
Podocytes lacking Lmx1b are of a columnar shape and do not form foot processes. To our knowledge, the α3 integrin (22) , podocalyxin (23) , and Pod1 (51) knockout animals are the only other mice in which podocytic foot processes are lacking a priori, whereas in the case of the laminin β2 (52) and CD2AP (34) knockout mice, foot processes form first and process effacement takes place later. It is also noteworthy that the podocytes in the homozygous Lmx1b knockout animals are not connected by slit diaphragms. Formation of foot processes may therefore be essential to establish slit diaphragms, although it clearly is not sufficient, since foot processes, but no slit diaphragms, are formed in the absence of nephrin (53) . The presence of nephrin in the podocytes of Lmx1b knockout mice also argues that nephrin does not suffice to initiate the formation of a slit diaphragm. So far it is a complete mystery how the interdigitating arrangement of foot processes arises and, once established, how it is regulated. Obviously α3 integrin and podocalyxin are critical components in foot process formation, but these proteins are still present in the Lmx1b -/-mice. By immunohistochemistry there seemed to be a decreased expression of CD2AP and synaptopodin in the podocytes of Lmx1b-deficient mice, but by RNase protection assay we convincingly found only reduced levels of synaptopodin mRNA in those kidneys. Whether CD2AP is downregulated remains an open question, since total kidney RNA was used in our experiments and CD2AP is also expressed outside the glomerulus in tubules (54) , so that a reduction in the glomerulus may go unnoticed in an RNase protection assay. Synaptopodin is an actin-associated protein in the foot processes of podocytes, and therefore its downregulation in the Lmx1b knockout mice is not unexpected. Since synaptopodin knockout mice show no structural abnormalities in the glomerulus (55), the reduced expression of synaptopodin in the Lmx1b knockout mice very likely is a secondary effect and cannot explain the absence of foot processes.
Another strong candidate to regulate the formation of interdigitating foot processes is podocin. Podocin is mutated in at least a subset of patients with an onset of steroid-resistant nephrotic syndrome in early childhood (28) (29) (30) (31) . Because proteinuria typically is associated with the absence of foot processes, it is reasonable to assume that foot processes are missing in the podocytes of those patients as well. If it could be determined whether foot processes were never present or whether they disappeared after having formed, the function of podocin would be clearer. Since, in the kidney, both Lmx1b and podocin are exclusively expressed in podocytes and the inactivation of Lmx1b results in the absence of podocin, Nphs2, the gene coding for podocin, appears as an obvious target for Lmx1b. Indeed, we were able to demonstrate binding of LMX1B to two AT-rich regions in the putative human NPHS2 promoter region. However, we did not see a regulatory effect of LMX1B on an approximately 4.4-kbp NPHS2 promoter fragment employing transient transfections in COS-7 cells and in conditionally immortalized podocytes, nor was the endogenous NPHS2 gene activated in stably transfected HeLa cells. This may indicate that appropriate cofactors are missing in the cell lines used in our experiments. Lmx1b is expressed in a number of other tissues, such as the eye, the brain, and the limb bud, in which no podocin is found, and therefore it may very well be that additional transcription factors play a role in the expression of podocin in the kidney.
The GBM represents another important component of the filtration barrier. While nidogen/ entactin, fibronectin, and dystroglycan were present in the GBMs of Lmx1b -/-mice, the α4 chain of collagen IV was missing. During the preparation of this manuscript, the diminished expression of the collagen IV α3 and α4 chains was described in the GBM of Lmx1b -/-mice (38) . The absence of an α3α4α5 network of collagen IV can explain the split GBM found in the homozygous Lmx1b knockout mice and the moth-eaten appearance of the GBM in patients with nail-patella syndrome. It is noteworthy that the genesis of collagen fibrils also is disturbed in the corneal stroma of the Lmx1b knockout mice (40) .
The severe defects in the podocyte suggest that, in a genetic sense, Lmx1b is located far upstream in the podocyte. WT1, another transcription factor mutated in certain hereditary podocyte diseases (56) (57) (58) , was present in the podocytes of wild-type and knockout mice, arguing that Lmx1b lies downstream of WT1. We were particularly interested to determine the expression pattern of Foxc2 (also called Mfh1) because of its importance for renal development and previous findings in the eyes of Lmx1b knockout mice. Inactivation of the Foxc2 gene results in only a mild kidney phenotype (59, 60) , but compound heterozygotes, in which one allele of the related gene Foxc1 is inactivated as well, have pronounced renal defects (60) . Furthermore, Foxc1 and Foxc2 are not expressed in the differentiating corneal stroma of the normal mouse but are present in that of the Lmx1b -/-mouse (40, 61) . No differences, however, were seen in the podocytes of homozygous Lmx1b knockout mice, for which we offer the following explanation. The human LMX1B protein has been demonstrated to act as a transcriptional activator (62); therefore the Foxc2 gene is unlikely to be a direct target of Lmx1b during eye development, since it is upregulated and not downregulated in the absence of Lmx1b. Probably Lmx1b acts through at least one intermediary protein, which represses the Foxc2 gene in the differentiating cornea. This so-far hypothetical intermediary repressor protein may be absent in the podocytes, so that the renal expression of Foxc2 is not affected.
The Lmx1b knockout mouse presents an extremely valuable tool to study the differentiation of the podocyte. It apparently mimics the human syndrome, although it is puzzling that nail-patella syndrome is inherited in a dominant fashion in patients, but only the homozygous Lmx1b knockout mice show a renal phenotype. Furthermore, LMX1B presents a link between nail-patella syndrome, Alport syndrome, and steroid-resistant nephrotic syndrome, since it regulates the expression of collagen IV α4 and podocin.
